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FREE-FLIGHT PERFORMANCE OF 16-INCE-DIAMETER SUPERSONIC RAM-JET UNITS
II - FIVE UNITS DESIGNED FOR COMBUSTION-CHAMBER-INLET
MACE NUMEER OF 0.16 AT FREE-STREAM MACE NUMBER OF 1.60
(wITS B-1, B~2, B-3, B-4, AND B-5)

By Wesley E, Messing and Scott H. Simpkinson

SUMMARY

The performance of five l6-lnch-dlameter ram-Jet units was
determined over a range of free-gstream Mach numbers of 0.50 to
1.86 and gas totel-tempereturs ratios between 1.0 and 6.1, Full-
scale unlts were released from an elirplans at high altitudes and
. aeeelerated to high subsonic and supersonic velocitles by the
engine thrust and force of gravity., The data for evaluating the
performance were obtalned from radlo-telemetering and radar-

tracking squipment.

Time histories of the performance date are presented for
each wnlt; also included are correlations to i1llustrate the effect
of free-stream Mach mumber and gas tohal-tempsrature ratio on
diffuser total-pressure recovery, nst-thrust ccefficient, and
external drag coefficient.

Vibratory combustion wlth a frequency of 12 4o 32 cycles per
second was found to exlst in two of ‘the units employing a ducted-
type £lame holder. Combustion in two obther uniis that uitlilized a
rake~type flame holder was very smooth. One of these umits
attained & maximm free-stream Mach number of 1.86 and a nst
acceleration of 4.2 g's. At the deslign free-stream Mach numbexr
of 1,60, a reduction in the gas total-temperature ratio from
5.0 o 1.0 was accompanied by decreases in diffuser tobal-pressure
recovery of 0,89 to 0,41 and in the net-thrust coefficlient of
0.65 to =~0,30.
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INTRODUCTION

Free-~-flight Investligations are being conducted by the NACA
Lewls laborstory on 1l6~inch-diameter ram-Jet units to determine
the performance and operatlonal characterligtice of ram Jets at
high subsonlc and supersonlc veloclties, Performance deta of
the full-scale unlts operating under actual atmospheric condltions
are being obbtained over & range of combustlion-chamber~inlet
velocitlies and fuel-alr ratios., Data are also belng obtalned
throughout the itransonic range and under conditions of rapld
acceleration with accampanying changes in inlet condlitions due
to large vardatlions in sltlitude and Mach number.

« The free flights are being conducted off the Virginia
coast near the NACA langley laboratory. s The ram-Jot unita are
released from an alrplane at high altitudes and accelerated %o
supersonlic veloclties by the engline thrust and the force of
gravity. In order to obteln data over a range of cambustion-
chamber-inlet velocities, four ram-jot designs (designated 16-4,
16~-B, 16-C, and 16«D) of different inlet and outlet dlameters
are belng used. Several ram-Jjot units of the same design are
being invemtlgated in order to obtaln data at different fuel-
alr ratlios. These data are obtalned by presetiing the fuel
regulator at different flow values before each flight, Con~
tinuous data recorde are obtalned by radio-telemetering and
radar-tracking equipment during the flight.

The results obtalned from the first ram-Jet unit investi- .
gated (designated 16-A-1), are discussed In reference 1. Tho data
cobtained from the succeeding four A~type ram-Jet units, which
were designed for a combustion-chember-inlet Mach number of 0,12
at a free~gtream Mach number of 1.60, are included in reference 2.

Deta obtained from the first five B-type ram-Jet unlta, which
were deslgned for higher combustlon~chamber velocltles (combustion-
chanber-iniet Mach number of 0.16 at a free-stream Mach number of
1.60) than the A-type ram jets, are presented herein. Time histories
of the performence over a range of free-stream Mach numbers
of 0,50 to 1.86 and gas total-temperature ratios between 1.0 and
6.1l are presented, as well as the effects of free-gtream Mach
number and ges total-temperature ratlio on diffuser total~pressure
recovery, net-thrust ocefficlent, and external dreg coefficlent.

-
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APPARATUS AND PROCEDURE

~The B-type ram-Jet units investlgated are deslgnated 16-B-~1,
16-B-2, 16-B~3, 16-B-~4, and 16-B-5, A schematic croseg-sectional
diegram of the ram Jete is shown In figure 1. Model B is designsd
for a combustion-chamber-inlet vslocity of 220 feet per second
(Mach number, 0.16) at a free-gtreem Mach number of 1.60 and a
gas total-temperature ratio of 5.0, Thils heat addltion is
realized at a fuel~air ratlo of 0.067 at & comhustlon efficlency
of 80 percent and a pressure altitude of 6000 feet. AT this
design conditlon the normal shock is positionsd at the diffuser
inlet. The outer shell is so located relative to the central
body thet the oblique shock from the splke intercepts the 1lip
of the outer shell at a free-stream Mach number of 1.80.

The reguired fuel flow is produced by regulated helium
pressure acting on a flexlble fuel cell forcing the fuel through
verious sets of spray nozzles. The fuel used is 73~octane
gasoline (AN-F-23a) and 1s stored in a tank having a capacity of

gallone., The grogss welght of each unlt is approximately 525
pounds,

A ducted-alrfoil-type flame holder with intermediate
gutters (fig. 2) was used 1n units B-1l, B-2, and B-3, Units B-4
and B-5 employed the rake~type flame holder shown in figure 3.
Magnesium flares were used to provide a continuous ignition source.

The ram-Jjet units were sttached to the underside of the wing
of a fighter-type airplane (fig. 4). The unlts wore ignited and
releaged at altitudes of 30,000 to 34,100 feet and free-stream
Mach numbers of 0.50 to 0,58, The eight-channel telemetering
equipment in the ram-Jet unit transmitted sufficient data to
evaluate the performance of the ram Jet. A time history of the
position of the unit relatlve to the ground dvring £flight wes
obtained by radar-tracking facilitles over a range of free-
gtream Mach numbers of 0.50 to 1.86 and gas total-temperature
ratios of 1.0 to 6.1, A more complete description of the
apparatus, the instrumentatlon, the procedure, the general
method of calculation, and the equations used in the performance
computations 1g included in reference 2.
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RESULTS AND DISCUSSION
Performance of Ram-delt Units

A genersl comparison of the performence of the five B-type
ram-Jet umlts 1s presemted in figure 5, which shows the effects
of fuel flow and i'lame-~-holder design on the free-stream Mach
number., The highest free-stream Mach number (1.86) was attained
by unlt B-5, which employed a rake-type flame holder. Failure
of the fuel cell In unit B-~-1 immediately after launching resulted
in a cold run (no combusticn). Vibratory and sporadlic combustion
in uwnits B-2 and B-3 resulted in low values of thrust and
rolatively low free-stream Mach numbers. No fuel-flow data were
obtained from unit B~2 because of the failure of the fuel-Ilow
telemetoring channel., The fuel-flow datas from unit B-3 indlcated
that the fuel-air mixbure was within the limite of units B-4 and
B-5, which had smooth steady combustion. The dashed line in
figure 5(b) represents the calculated value of fuel flow
necessary to obtain a fuel-air ratlo of 0.0687 for an assumed
combustion effliciency of 60 percent., The vihratory combustion
encountered by unlt B-3 was therefore not belleved fo be due
to the fuel-alr mixture., Inasmuch as the ram=-Jjet units were
gimilar in construction except for the flame-hclder designse, the
fiame holders in unilts B-2 and B-3 were Judged to be the me jor
contrlbuting factors to the rough vibratory combustion.

An example of ‘the vibratory nature of the combustion is
shown in the following table: '

Ram=Jot | Time after | Free-stream Fuel~aixr Frequency of
unit | release | Mach mumber ratiol combustion
(sec) (cycles /sec)
B-2 18 to 26 0.72 10 0,9] |mmmmennceaw——— 20 to 25
B-2 27 to 37 «92 10 1.09 |mewmccaccana=. 12 %o 26
B-~3 20 to 36 .83 to 1,08 |0. 060 o 0.056| 26 to 30
B-~3 43. to 45 1,17 to 1.18 .072 to  .070 32

lpuel-air ratios caloulated from air flows based on assumption
that & Mach mumber of 1 exlsted at diffuser inlet (shock
swallowed),

1283
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A section of the telemeter record is reproduced in figure & for
comparison of the data obtained from units B-Z and B-4. The
vibratory nature of combustion in wmit B-2 is clearly shown by
the colnoidence of pulsatlons of the accelercmeter readlng with
the vibrations in the pressure measurements, which are shown by
the dlffuser-inlet stetic pressure p,. At 25 4o 26 seconds after
release, the accelercmeter and pressure measurements show a
combustlon vibration of 25 cyclss per second. These measurements
compared with unlt B-4 at 25 {o 26 geconds wheyxe the telemeter
record shows smooth steady burning without vibration or .
pulsations, The pulsations of the diffuser-~inlet statlc pressure pp
of unit B-4 shown in figure 6(b) (21.0 to 23.0 sec) were caused
by a slight movement of the normal shock about the static-pressure
orifice., As the combustion efficiency lmproved at 23,5 seconds,
the shock moved ahead of the statlo-pressure orifice and a
steady value of diffuser-inlet static pressure was recorded.

FPhotographic evidence of the visual difference in combustion
between unlits B-2 and B~5 is shown in figure 7. The vibratory
burning is obvilous for unit B-2 (fig. 7(a)) where the telemeter
record showed a frequency of 26 oycles per second. Unit B-5
had smooth steady burning without any apparent pulsations
(fig. 7(b)), which was typlcal of the combustlon process through-
out the entlre flight.

Time historlies of the ram-jet-unit performance are presented
in figures 8 to 1l2. In general, these figures include resultant
flight conditions, independent test verlables, diffuser conditions,
combustlion~-chamber-inlet variables, and performance variables. The
solid curves are measurefl values and the broken lines represent
approximated values, The combustion was so vibratory in units B-2
and B-3 that complete time historles of the test deta could not
be established from the btelemeter records.

Unlt B~4 encountered & rich blow-out limit at a free~stream
Mach number of 1.46 (fig. 11(a)) (33.5 sec after release) as the
fuel-air ratio exceeded 0.082 (fig. 11(d)). The telemeter record
indicated that the blow-out was sherp and distincet with emooth
steady burning prior to the blow-ouk.

An incresse in cambustion efflciency occurred with a large
increase in combustlon-chamber-inlet statlic pressure and tempera-
ture. For example, the combustion effioclency ln umlt B-5
(fig. 12(e)) increassed fram 66 percent at 33 seconds to 82
percent at 37 seconds wlth Increases in combustion-chamber-inlet
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static pressure from 3200 to 6100 pounds per squere foot and static
temperature increases from 643° to 780° R (fig. 12(d)). This
increase in combustion efficlency oocurred st approximately constant
values of fuel-alr ratio (0.053 to 0.057) and combustion-chamber-
inlet velocity (205 to 215 ft/eec) (fig. 12(d)). Part of this
Increase 1n combustion efficlency may be due to an improvement

in fuel pattern and stomization because an additionasl set of fuel
nozzles became operative during this time interval,

Satlgfactory combustion was attained by ram-Jet unite B-4
and B-5, which employed a rake-type flame holder. Unit B-5
(fig. 12) reached a maximum free-~stream Mach nmumber of 1.86
(fig. 12(a)) Just before blow-out with a net acceleration
(excluding gravity) of approximately 4.2 g's, which was based on
differentlation of the velocliy becausc no acceleration data were
recelved by the telemetering equipment. A maximum net-thrust
coefficlent of 0.67 ocourred at 36 seconds at a gas total-tem-
perature ratio of 5.0, a combustion efficiency of 82 percent
(fig. 12(e)), and a free~stream Mrch number of 1.59 (fig. 12(2)).

Diffuser Totel-Pressure Recovery

The effect of free-stream Mach number and ges total-temperature
ratio on diffuser total-pressure reocovery is shown In flgure 13.
The solid lines are lines of constant gas total-temperature ratio
drawn through the collective data points. The broken line represents
the transition from shock exlsting within the diffuser to no shock
within the diffuser., In the region below the transition line the
shock ls swallowed; above the line the shock, 1f present, ls out-
gide the diffuser entrance. The position of this line was deter-
mined from data obtained from a flush-wall static orifice
iriches inside of the diffuser (station 2 fig. 1) that indicated
the presence or absence of shock within the diffuser. The inter-
section of the gas total-temperature ratio lines with the tramsition
line therefore indicates the heat additlon that 1z necessary to
maintain the shock at the inlet for a given free-sitream Mach mumber,

At a constant value of free-stiream Mach number, a decrease
In gas total-temperaturs ratio was eccompanied by a decrease In
total-pressure recovery., Thls effect was dus to the diffuser-
outlet conditlons of hilgher velocity, lower statlic pressure, and
a reductlion in total pressure necessery for mass contlnuity
accompanying the decrease in heast addltion. When sonlc or super-
asonic velocity existed at the diffuser Inlet, this reductlon in
total pressure was made poseible by the presence of a normal shock

1263
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within the diffuser with its accompanying total-pressure loms. TFor
example, at & free-stream Mach number of 1.6 a reduction 1n gas
total~temporature ratlo from 5.0 to 1.0 resulted 1n a decrease

in diffuser total-pressure recovery from 0.89 to 0.41.

Thrust Coefflcient

The effect of free-stream Mach mumber and gas total-tem-
pereture ratio on the net-thrust coefflcient is shown In figure 14,
An iIncrease in free-gtream Mach nuwber was acccmpanied by an
increase in net-thrust coefficlent at a glven gas total-~tem-
perature ratio., At the design Mach number of 1.6, an lncrease
in gas total-temperature ratio from 1.0 to 5.0 produced an
increase I1n net-thrust coefficient of ~0.30 to 0.865.

External Drag Coefficient

The effect of free-stream Mach number and gas total-tem-
perature ratio on the extermal drag coefficlent 1s shown in
figure 15, The minimum-drag curve,as drawn through the collectlve
dete points, represents conditions of minimm additive drag and
maximm engine alr flow when the external flow conditlons ahead
of the inlet were not albered by variations in heat addlition
below the critical value. (The term additive drag 1s fully
discussed by Ferri in reference 3.) At the design free-streanm
Mach number of 1.6, an exbternal drag coefflcient of 0.16 was
realized as compared to a maximum of approximstely 0.26 at a
free-gtrean Mach number of L.07 and a minimum value of 0,098
at a free-stream Mach number of 0.89.

SUMMARY OF RESULTS

From the data obtalined from free-flight investigetiom of
five l6-inch-diameter supersonlc ram-Jet units over a range of
free-gtream Mach numbers from 0.50 %o 1.86 and gas total-tem-~
perature ratlos between 1.0 and 6.1, the following resulis were
obtained:

1. Failure of the fuel cell in one of the units, immediately
.after launching resulted In a cold rwn. Vibratory burning
producing combustlon frequencles from 12 %o 32 cycles per second
wes encountered by two ram-Jet unlis employing a ducted-type
flame holder. The other two ram-Jet units with rake~type flame
holders encountered smooth steady burning with resultant high

¢ .
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values of thrust and accelerations. Inssmuch as the fuel-ailr mixbture
of one of the unita with rough combustlon was within the limits of
the fuel~air mixtures of the two ram Jets wilth smooth burning, the
vibratory burning was attributed to the duoted-type flame-holder
deslgn rather than the fuel-alr mixture.

2. A sharp, distinct rich blow~out was encountered at a fuel-
alr ratio of 0.082 with one of the ram-jet units utillizing a rake-
type flame holder.

3. A maximm free-stream Mach number of 1.86 was encountered
by one of the units with a net acceleration (excluding gravity) of
approximetely 4.2 g's. A maximm net-thrust coefflclent of 0.67
ocourred at & gas total-temperature ratlo of 5,0, a combustion
efficlency of 82 percent, and a free-stream Mach number of 1.59.

4. AL the design free-stream Mach number of 1.6, a reduction
in gas total-temperature ratio from 5.0 to 1.0 was accompanied by
approximate decreases in diffuser total-pressure recovery of 0.89
to 0.41 and netethrust coefficlent of 0.65 to -0.30.

Lowls Flight Propulsion Leboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Ohlo.
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C-20036
11-20-47

{2) Three-quarter front view.

C-20035
11-20-47

(b) Three-quarter rear view,
Pigure 2. - Ducted-type flame holder for supersonlc ram-jet
units 16-B-1, 16-B-2, and 16-B-3,
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C-21695
6-9-48

(b) Rear view.
Figare 3. - Rake-type flame holder for supersonic ram-Jjet units 16-B-4 and 16-B-5.
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C-22249
9-20-48

Figure 4, - Supersonic l6-inch ram-Jjet unit mounted benseth ailrplane wing,
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Time efter
release, sec 35.57 35.78 35.99 36,19 36,32 36.59
Flight Mach
nmubex 1.07 1,07 1.07 1.08 1,09 1.08
Fregquenocy of
cambustion
oycles /sec 26 26 26 26 26 26

(a) - Photographic record of combustion that ocourred during £light

of ram-Jot unit 16-B-2,

Time after :
release, gec 34,86 35.25 35.55 35,85 36,15 36.45
Flight Mach
numbexr 1.46 1.50 1.54 1.57 1.61 1.64
Fuel-air '
ratio .055 .056 057 057 057 +057

(b) - Photogragphic” record of combustion that oocowrred dwring £light
of rameJjet unlt 16-B-5. ‘

Flgure 7. - Photographlc record of variation in combustlon of ram-Jet

units 16-B-2 end 16-B-5,

C-25213
2. 14.50
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